Effects of Nanosized Adsorbing Material on Electrochemical Properties of Sulfur Cathodes for LiÕS Secondary Batteries
The rapid growth of portable electronic devices such as notebook computers, camcorders, and cellular phones has required the development of rechargeable lithium batteries with a higher specific capacity and energy density. The Li/S battery is a very attractive candidate for rechargeable lithium batteries due to its high theoretical specific capacity of 1672 mAh/g and theoretical energy density of 2600 Wh/kg based on sulfur active material. 1 Moreover, utilization of sulfur is advantageous because of its low cost and nontoxicity. 2 Due to these advantages, Li/S batteries have been studied by many researchers with a view toward practical application. [3] [4] [5] [6] However, the development of Li/S batteries has encountered difficulties due to poor cycle life at room temperature. Hence, in order to improve cycle life, it is necessary to elucidate the degradation mechanism of the Li/S battery and prevent it.
The discharge process of the Li/S battery proceeds by two steps. The first step is the transformation of sulfur to lithium polysulfide (Li 2 Sn, 2 Ͻ n Ͻ 8), and the second step is the change of lithium polysulfide to lithium sulfide (Li 2 S). [6] [7] [8] It was reported that the lithium polysulfide which forms during the first discharge step of a Li/S battery dissolves into electrolyte, which causes the irreversible loss of sulfur active material. [8] [9] [10] [11] [12] [13] Recently, Nimon and co-workers have suggested that when polysulfide dissolved into electrolyte diffuses to the lithium anode and then reacts with the lithium metal anode it drastically decreases lithium cycling efficiency.
14 Thus, it can be concluded that the cyclic behavior of a Li/S battery is very poor mainly due to polysulfide dissolution into the electrolyte.
To overcome this problem, polysulfide dissolution into electrolyte should be retarded or prohibited. Of late, use of strong adsorption of the polysulfide to additive material such as vanadium oxides, silicates, aluminum oxide, and transition metal chalcogenides has been suggested. 15 However, this adsorbing material is not very effective for improving cycle life, possibly due to its larger particle size and its insulating property lowering the kinetic property of the Li/S battery.
In order to adsorb the polysulfide effectively without a decrease in kinetic property of the Li/S battery, nanosized Mg 0.6 Ni 0.4 O prepared by the sol-gel method has been used as an additive. Although the polysulfide adsorbing effect of the nanosized Mg 0.6 Ni 0. 4 O has not been reported, it is expected to have the polysulfide adsorbing effect because MgO, which has the same crystal structure as Mg 0.6 Ni 0.4 O, had the effect of retaining liquid electrolyte in a Li/iron sulfide secondary battery like an electrolyte sponge. 16 In addition, Mg 0.6 Ni 0.4 O has been reported to have a catalytic effect of dissociating the chemical bond ͑e.g., N ϭ O; bond dissociation energy 607 kJ/mol͒. 17 2 O ͑Aldrich͒, and 13 g citric acid ͑chelating agent͒ were dissolved in 150 mL deionized water. The solution was stirred by a magnetic bar and evaporated at moderate temperature. The solid samples ͑wet-gel state, green color͒ were calcined at 700°C for 5 h and then Mg 0.6 Ni 0.4 O powders were ground in air. Finally, the powders were synthesized in a H 2 atmosphere at 700-800°C for 1 h.
Preparation of the sulfur cathode and coin-type cell.-Sulfur cathode slurry was prepared by mixing with 20 wt % elemental sulfur ͑Aldrich, ϳ80 m, 99.98%͒ as an active material, 55 wt % acetylene black, 15 wt % nanosized Mg 0.6 Ni 0.4 O additive through ballmilling ͑SPEX-8000 mixer/mill, high-energy mill͒, and then adding 10 wt % polyvinylidene fluoride ͑PVdF͒ dissolved in N-methyl-2-pyrrolidene ͑NMP͒ solution to the mixture. Sulfur cathode slurry without nanosized Mg 0.6 Ni 0.4 O additives ͑20 wt % elemental sulfur, 70 wt % acetylene black, and 10 wt % PVdF in NMP solution͒ was also prepared in the same way described previously. The slurries of the cathode were coated on Al foil substrates, and then the cathodes were dried at 80°C for 24 h in a vacuum oven. After vacuum drying, the sulfur cathodes were cut into a 1 ϫ 1 cm size. Coin-type cells were assembled in an Ar-filled glove box by stacking a porous polypropylene ͑Celgard 2200͒ separator containing liquid electrolyte between the sulfur cathode and the lithium metal foil anode ͑Cyprus Foote Mineral, 99.98%, USA͒. The solution of 1 M LiTFSI in ͓tri͑ethylene glycol͒ dimethyl ether͔ ͑Trig-lyme͒ poly͑ethylene glycol͒ dimethyl ether ͑PEGDME͒ 250, and PEGDME 500 were used as a liquid electrolyte.
Electrochemical and structural analysis.-The cells were discharged and charged galvanostatically, and the rest time between discharging and charging was 5 min. The electrodes were discharged at 0.1 C rate to 1.5 V and charged at 0.1 C rate up to 3.5 V vs. Li/Li ϩ at room temperature.
The cyclic voltammetry ͑CV͒ measurement was performed using an EG&G Princeton Applied Research potentiostat/galvanostat. The potential sweep rate was 0.1 mV/s and the voltage range was between 3.5 and 1.5 V.
The structural analysis was characterized using X-ray diffraction ͑XRD, Rigaku Co.͒. The morphology of nanosized Mg 0.6 Ni 0.4 O additives prepared by the sol-gel method, and the cathode was characterized by scanning electron microscopy ͑SEM, Philips͒ and JEOL transmission electron microscopy ͑TEM͒. The porosity considering only the open pores of the cathode was measured by BrunauerEmmett-Teller ͑BET͒ measurement with nitrogen gas. Prior to measurements, all samples were heated at 300°C for 10 h under vacuum to remove surface-adsorbed species such as H 2 O and hydrocarbons.
Measurement of quantity of sulfur dissolution in electro-
lyte.-The coin-type cell after cycling was disassembled and immersed into the same solvent as the one used in the cell. After stirring for complete homogenization, the quantity of sulfur dissolved in the liquid electrolyte after cycling was measured by using a sulfur analyzer ͑SC-432DR͒.
Results and Discussion
Structural and electrochemical analysis of nanosized M g 0. 6 Ni 0. 4 O additive.- Figure 1 shows the TEM image of Figure  4 presents the initial charge-discharge curves of the Li/S battery at room temperature. The discharge curve shows two typical plateaus at about 2.4 ͑short upper plateau͒ and 2.0 V ͑long lower plateau͒, respectively. The upper one, 2.4 V, was reported as a polysulfide (Li 2 S 8 , Li 2 S 6 , Li 2 S 4 , Li 2 S 2 ) formation potential, and the lower one, 2.0 V, was known as a Li 2 S formation potential. [6] [7] [8] Interestingly, it is found in Fig. 4 that the initial charge-discharge capacity is increased from 741 to 1185 mAh/g sulfur after addition of nanosized Mg 0.6 Ni 0.4 O additives, and the lower plateau is more extended compared with the upper plateau. Furthermore, the cyclic durability of the cell was also improved from 76% of the initial discharge capacity at the 50th cycle to 85% ͑Fig. 5͒. The improvement of capacity and cyclic durability of the Li/S battery can be attained by solving the polysulfide dissolution problem. [8] [9] [10] [11] [12] [13] [14] Thus, these results imply that the nanosized Mg 0.6 Ni 0.4 O additives prevent and retard the polysulfide dissolution into the liquid electrolyte by adsorbing polysulfides physically within the sulfur cathode. Figure 6 shows the amount of sulfur dissolved in the liquid electrolyte with cycling. It is observed in Fig. 6 that after the addition of Mg 0.6 Ni 0.4 O additives, the content of dissolved sulfur by the form of polysulfide is lower than before. This result demonstrates directly that nanosized Mg 0.6 Ni 0.4 O additives have a polysulfide adsorbing effect in the Li/S battery. Figure 7 and 8 also confirm that nanosized Mg 0.6 Ni 0.4 O additives retain polysulfide within the sulfur cathode. They display the charge-discharge curves of the Li/S battery using the sulfur cathode without and with Mg 0.6 Ni 0.4 O additives and 1 M LiTFSI in Triglyme solution as an electrolyte. Charge-discharge curves in Fig. 7 clearly show a decrease in discharge capacity and an imperfect charging, which is known as the shuttle mechanism, 18 taking place at around 2.4 V at the first cycle during the charge process. During the charges, the higher order polysulfides ͑e.g., Li 2 S 8 , Li 2 S 6 ), which are generated at the sulfur cathode during the upper voltage plateau stages of the charge, diffuse to the lithium electrode and react directly with the lithium in a parasitic reaction to recreate the lower order polysulfides. These species diffuse back to the sulfur cathode to generate the higher forms of polysulfide again, thus triggering a shuttle mechanism. Once the shuttle mechanism is started, as can be seen in Fig. 7 , the charging behavior at about 2.4 V continues without overcharging, resulting in a decrease in charge efficiency at the end of the charge and the discharge capacity is reduced. In order to prevent this phenomenon, it is important to lower the content of polysulfides in the electrolyte because the shuttle mechanism can occur when the content of polysulfides in the electrolyte approaches a certain level. It is found from Fig. 8 applying nanosized Mg 0.6 Ni 0.4 O additives to the sulfur cathode, the improvement of cyclic durability was observed in Fig. 9 . However, a degree of the improvement of cyclic durability ͑51% of initial discharge capacity at the 50th cycle͒ is smaller than that presented in Fig. 5 . The reason for this may be that in contrast to Triglyme, PEGDME 500 does not show the shuttle behavior due to its higher viscosity that can retard the polysulfide dissolution into the electrolyte. The data shown in Fig. 7-9 also prove, like the result of the sulfur quantitative analysis ͑Fig. 6͒, that the nanosized Mg 0.6 Ni 0.4 O additives have the polysulfide adsorbing effect. Figure 10 shows the rate capability of the Li/S battery. The rate capability for the Li/S battery with nanosized Mg 0.6 Ni 0.4 O additives was slightly improved compared with one without Mg 0.6 Ni 0.4 O additives. This result implies that the velocity of the Li/S redox reaction is more rapid because rate capability is related to the kinetic property of the cell. Therefore, it is concluded that the catalytic effect of Mg 0.6 Ni 0.4 O additives works in the Li/S battery. Figure 11 displays the discharge curve of the Li/S battery using nanosized Mg 0.6 Ni 0.4 O additives and PEGDME 500. In Fig. 11 it can be seen that by adding the additives to the cathode, the upper voltage plateau is increased. Because the upper voltage plateau is known as a region where the sulfur is converted into polysulfides, [6] [7] [8] this phenomenon has no relation to the polysulfide adsorbing effect of the additives and therefore means that the electrochemically reactive sites where sulfur can react with lithium are increased. Hence, nanosized Mg 0.6 Ni 0.4 O additives have other effects besides the polysulfide adsorbing and catalytic effects.
Effects of nanosized M g
BET surface area analysis was performed to measure the porosity of only open pores in the cathode. Table I 
